Considering the massive simulations required by the full long-term analysis, the environmental contour 7 method is commonly used to predict the long-term extreme responses of an offshore renewable system 8 during life time. Nevertheless, the standard environmental contour method is not applicable to the wind 9 energy device due to the non-monotonic aerodynamic behaviour of the wind turbine. This study 10 presents the development of a modified environmental counter method and its application to the extreme 11 responses of a hybrid offshore renewable system. The modified method considers the variability of the 12 responses by checking multiple contour surfaces so that the non-monotonic aerodynamic behaviour of 13 the wind turbine is considered. The hybrid system integrates a floating wind turbine, a wave energy 14 converter and two tidal turbines. Simulation results prove that the modified method has a better accuracy. 15
Introduction 18
Powered by the increasing global pursuit of offshore renewable energy, various types of ocean 19 energy systems are developed, including the floating wind turbine, the wave energy converter and the 20 tidal turbine. Studies on an individual energy system have been fully conduced [1] [2] [3] [4] [5] . Nevertheless, 21 producing power from a single type of ocean energy resource faces the problem of high cost and low 22 harvesting efficiency. Therefore, the concept of integrated offshore renewable energy devices is 23
proposed. 24 Nehrir et al. [6] presented a review of hybrid renewable energy systems, in term of configurations, 25 control and applications. Aubault et al. [7] incorporated an oscillating-water-column WEC into a semi-26 submersible floating wind turbine. They showed that the overall cost could be reduced by sharing the 27 mooring system and the power infrastructure. Muliawan The HWNC is operated at sea site with a water depth of 320 m and moored by three slack catenary 96 lines. The fairleads are connected to the platform at 70 m below the still water level. Fig. 2 displays the 97 configuration of the mooring system. The three lines are oriented at 60°, 180°, and 300° about the 98 vertical axis. The relevant properties of the mooring lines are listed in Table 3 . 99 The two components are connected by the PTO facility, which is numerically treated as a spring & 119 damper system. The stiffness coefficient K is set to 5 kN and the damping coefficient B is set to 80 120 kN•s/m. The wind turbine is regarded as a non-hydro body, which is rigidly mounted on the platform. 121
Please note that deflection of the tower is not considered in this study. The mooring line is modelled 122 with the lumped-mass approach, which divides the mooring line into a series of evenly-sized segment 123
represented by connected nodes and spring & damper systems. The lumped-mass approach merely 124 models the axial properties of the mooring lines while the torsional and bending properties are neglected. 125
The effects of wave kinematics and any other external loads on the lines are also ignored in the lumped-126 mas model. 127 
Validation

134
For a floating wind turbine, the wind force acting on the rotor is unsteady due to the aero-hydro 135 couplings. To validate the unsteady aerodynamic performance, the wind turbine thrust force is 136 simulated under a set of sinusoidal winds and the simulation results are compared with those obtained 137 by FAST (version v7.02.00d-bjj) [31] . The speed of sinusoidal wind is defined by 138
where V0 is the mean wind speed and ω is the varying frequency. The control module in FAST is 140 switched off so that the rotor speed and the blade pitch angle are fixed in the simulations. 
146
The model test of a spar type floating wind turbine conducted by Koo et al. [32] is used to validate 147 the numerical modelling of aero-hydro couplings. The spar type floating wind has an in identical 148 platform geometry with the Hywind, despite that the mass and inertia of the platform were changed (see 149   Table 4 ). Furthermore, the mooring system was also somewhat varied (see Table 5 ). Please refer to 
Full long-term analysis
166
The full long-term analysis method is a very straightforward approach to predict the extreme 167 response, which considers all the combinations of environmental condition parameters (see Identify the critical environmental condition in which the largest extreme response is achieved.
The above discussions outline the basic procedures of ECM, which is actually a simplification of 204 IFORM, ignoring the variability of response and decoupling the response variability and the 205 environment. It inherently implies that the ECM assumes the actual critical environmental condition to 206 be close to the counter surface in X-space or the sphere in U-space with respect to the 50-year return 207 period. Due to this assumption, which is also the limitation of ECM, ECM is not applicable to a floating 208 wind turbine [24, 25] . This is because the wind force is not monotonic with the wind speed, especially 209 around the cut-out wind speed. As shown in Fig. 9 , the thrust force reaches the maximum value at rated 210 wind speed (11.4 m/s) and drops gradually as the wind speed continues increasing. If the wind speed 211 exceeds the cut-out speed 25 m/s, the wind turbine is parked and no wind force is applied on the rotor. 212
In this case, the responses induced by wind force are higher in operational state and lower in parked 213 state. Moreover, a discontinuity appears at 25 m/s. Consequently, the omission of response variability 214 is not reasonable. In this circumstance, the IFORM should be used. Although the IFORM is already a 215 simplification than the FLTA, it is still more complex than the ECM and requires massive simulations. 216
Therefore, a modification is made to the ECM in this study, which considers the variability of response 217 by checking multiple environmental contour surfaces. 218 219 Fig. 9 . Relationship between thrust force and wind speed at hub height.
220
Basically, the procedures of the modified ECM is similar with those of the EMC, which can be 221 regarded as an expansion of the ECM while still a simplification of the IFORM. The main idea of the 222 modified ECM is to include multiple important contour surfaces rather than the 50-year one alone. As 223 shown in Fig. 10 , the first step is to select a set of wind speeds with respect to different return periods 224 and the corresponding most probable wave heights and wave periods based on a joint wind-wave 225 distribution model. Simulations are afterwards performed to acquire the extreme values with respect to 226 these selected environmental parameters. The first step is introduced to find the wind speed in which 227 the non-monotonic behaviour of the wind turbine is the most significant. Subsequently, the N-year 228 return period corresponding to a response peak as well as the 50-year return period are selected. A 229 response peak is observed because the non-monotonic behaviour of the wind turbine is remarkable at 230 this wind speed. It should be noted that the wind speed at 10 m above the mean sea level is used to 231 As illustrated by Eq. (9), the modified ECM uses the 1-hr short-term CDF to approximate the 1-hr 247 long-term CDF of N-year and then extrapolate it to acquire the 1-hr long-term CDF of 50-year return. 248
Comparatively, the standard ECM merely use the 1-hr short-term CDF to get the 50-year extreme values. 249
The two methods are identical if only the 50-year contour surface is identified. 250
Given that the critical environmental condition has been identified by the modified ECM, a certain 251 amount of simulations is required to extrapolate the 1−ℎ , − . Assuming that the extreme response 252 of an offshore structure converges to the Gumbel distribution 253
Then the most probable 50-year extreme value is given by Eq. (11). In the following part of this paper, 255 the extreme response refers to the most probable 50-year extreme response unless a special 256 announcement is made. where ̂ and ̂ are the estimated parameters of the Gumbel distribution based on n simulation 263 realizations. 2.5%, is the 97.5% factile value Student's t-distribution with n degrees of freedom. A 264 parameter CI is introduced to value whether the number of realizations is sufficient 265
It is found that estimating μ and σ by Eq. (10) 
273
Different numbers of simulation realizations are checked and the results are listed in Table 6 . As 274 shown, 120 simulation realizations are sufficient to produce reliable prediction. Therefore, the 275 following extreme responses presented in this study are based on 120 simulation realizations. 276 Table 6 277 CI with different number of simluations realizations. The parameters that used to specify the joint distribution model can be found in [21] . 292
In a realistic sea site, the wind speed varies with the height so that the blades will experience different 293 wind speeds due to the rotor rotation (see Fig. 12 ). To calculate the wind force realistically, a power 294 law profile with exponent α equal to 0.1 is used to describe the wind speeds at different heights. 
Simulation and results
299
This section will examine the extreme response of the HWNC with the modified environmental 300 contour method proposed in this study. 301
The fore-aft tower base bending moment is firstly measured. Fig. 13 shows the first step of the 302 modified ECM. Generally, the behaviour of the bending moment is monotonic despite that a tiny 303 response peak is observed at Uw = 9.2 m/s (corresponding to 11.4 m/s at hub height). It can be simply 304 explained by that the response is governed by both wind force and wave load and thereby a response 305 mean sea level wind 10 m Uw 17 peak appears when the wind turbine thrust force reaches maximum value at rated wind speed. According 306 to the variation trend, wave load plays a more important role than the wind force. Based on the first step 307 of the modified ECM, two contour surfaces are selected. The identified critical environmental condition 308 and the extreme response are listed in Table 7 . Since the critical condition selected by the two methods 309 is located on the 50-year contour surface, it is obvious that the two methods predict identical extreme 310 response. As discussed in Section 4.2, the ECM is valid when the wave loads play the dominating role, 311 on which condition the critical environmental condition is close to the 50-year contour surface. 312
Therefore, inclusion of environmental conditions from other contour surfaces will not increase the 313 accuracy. 314 
327
Based on the first step of modified ECM, three contour surfaces are identified whereas the ECM still 328 seeks the critical environmental condition from the 50-year one. than the wave forces. In fact, a rare wave condition won't increase the extreme tension force much. 346
When the 0.04-year short-term extreme is extrapolated, the modified ECM will produce a much larger 347 extreme response. 348 This study deals with long-term extreme response of an integrated offshore renewable energy system 353 combining a floating wind turbine, a wave energy converter and two tidal turbines. For offshore floating 354 structures subject to wave excitations, the ECM has been validated to produce accurate results. 355
Nevertheless, it is not applicable to the integrated device in this study due to the non-monotonic 356 behaviour of the wind turbine. A modified environmental contour method is thus proposed to address 357 this problem, which is an expansion of the ECM and still a simplification of the inverse first-order 358 reliability method. Unlike the ECM which seeks the critical environmental condition on the 50-year 359 contour surface, the modified ECM considers the non-monotonic behaviour of wind turbine by checking 360 multiple contour surfaces. The extra contour surfaces are selected based on important wind speeds, at 361 which the non-monotonic performance of the wind turbine is most remarkable. For the extreme mooring 362 line tension force, the critical environmental selected by the modified ECM is located on the 0.04-year 363 contour surface rather than the 50-year one and the modified ECM suggests an extreme value 10% 364 larger than that given by the ECM. It implies that the critical environmental condition identified by the 365 modified ECM is closer to the real one. 366
